I. INTRODUCTION
Although plasma etching has been the key process in the fabrication of integrated circuits for many years, knowledge about the fundamentals of the etching process lags behind the knowledge about production processes. This is mainly due to the complicated character of the plasma environment. To cope with the increasing demands on the etching process, a more detailed understanding of etching is desirable. To avoid the complex plasma environment, beam experiments are performed to unravel the fundamentals of etching. Many studies have given a detailed understanding of the etching process; most of this work is reviewed by H. F. Winters and J. W. Coburn. 1 From these studies the possible mechanisms of product formation during ͑ion-assisted͒ etching of silicon have been suggested. In the present study we focus on the etching of Si by XeF 2 and Ar ϩ ions. During spontaneous etching ͑i.e., in the absence of the ion flux͒ SiF 4 is the only reaction product. Under ion bombardment, its production is enhanced up to a factor of 3 while also SiF 2 becomes a significant reaction product. 2 The SiF 2 production is explained by physical sputtering from the reaction layer 3 and the enhanced SiF 4 production is explained by chemical sputtering 2,4-10 or enhanced spontaneous etching. 1, 11 Despite this vast amount of results, only a few quantitative results are available on the importance of the various mechanisms. Vugts, Hermans, and Beijerinck showed the relative importance of physical and chemical sputtering. 2 As chemical sputtering is generally described as a process in which the ions enhance the rate of formation of reaction products, 1 this definition leaves open several reaction pathways and underlying mechanisms of enhancement.
In this article we want to investigate the mechanism of chemical sputtering and provide quantitative results. This is done by looking at the response of the SiF 4 signal when switching from ion-assisted to spontaneous etching and vice versa on various time scales. Comparable measurements to reveal the mechanisms of ion-assisted etching by using ion pulses have been performed by Joosten et al., 12 but their experiment suffered from metal contamination. 13 Also J. W. Coburn and H. F. Winters performed similar experiments, but no quantitative results were shown. 1 Since SiF 4 is a volatile product, it is not a significant component in the reaction layer 14, 15 but has to be formed in that layer. Thus, the thickness and structure of the reaction layer, which changes under ion bombardment, influences the SiF 4 production. 1, 11 In the present article, the effect of ions on the reaction layer is investigated and discussed in Secs. III and IV, after a brief description of the experimental setup in Sec. II. It is shown that ion bombardment causes fluorine depletion of the reaction layer, which decreases the etch rate. However, this does not explain an enhancement in the etch rate. To investigate the enhancement, the response of the SiF 4 signal to pulses of ions of 1 s and less are presented in Sec. V. On this time scale, the reaction layer is assumed constant since its reconstruction has a time scale of 100 s. From these measurements, two different processes are found for the enhancement in SiF 4 production. The contribution of each effect is measured as a function of ion flux. The results are compared with mechanisms proposed in literature in Sec. VI. It is concluded that the SiF 4 enhancement in ion-assisted etching can be explained by chemical sputtering with two different reaction pathways for the formation of SiF 4 . Now the enhancement by ion bombardment is explained from the viewpoint of enhanced etch product formation and release. However, also the adsorption of XeF 2 on the Si must be enhanced, thus the question ''How does ion bombardment cause XeF 2 to have an increased sticking probability?'' is answered in Sec. VII, based on the experimental observations in the previous sections. Some concluding remarks are made in Sec. VIII.
II. EXPERIMENTAL SETUP
Only the main features of the multiple-beam setup are described here. A more detailed description of the setup is given by Vugts et al. 16 The silicon sample is placed at the intersection of the XeF 2 beam and the Ar ϩ beam in an ultrahigh vacuum ͑UHV͒ chamber (10 Ϫ8 mbar͒, but the pressure before performing experiments is 10 Ϫ7 mbar after some days of experiments. In this study, all measurements are performed at room temperature. The Si͑100͒ samples ͑p type, 30-70 ⍀ cm͒ are cleaned with HF to remove the native oxide before being mounted. Several samples are used for the experiments. One side of the sample is clamped onto the sample holder by a nickel retainer plate ͑Fig. 1͒. The other end of the 25 mm long sample is used for the experiments and sticks out of the sample holder. This is done to avoid sputtering of the nickel plate and sample holder by ions, which causes deposition of traces of metal on the silicon and influences the experimental results. 13 As a check, one sample was studied by low-energy ion scattering spectroscopy and no traces of contamination were found. The nickel retainer plate is used for calibration of the incident XeF 2 flux, ⌽ s (XeF 2 ), by considering it as an inert, diffuse scatterer. The XeF 2 beam and Ar ϩ beam are incident under 52°and 45°, respectively, with respect to the surface normal. The sample is electrically connected to an electrometer to measure the ion current.
The XeF 2 gas is supplied by a multicapillary effusive gas source. During the experiments XeF 2 fluxes ⌽ s (XeF 2 ) of 0.6 and 1.1 ML s Ϫ1 are used. For silicon 1 ML corresponds to 6.86ϫ10 18 m Ϫ2 . The 1 keV Ar ϩ beam is well described by a Gaussian profile with a full width at half maximum of 5 mm. From this it is calculated that an ion current of 1 A corresponds to an ion flux of 0.011 ML s Ϫ1 . The etch reaction is monitored by a quadrupole mass spectrometer ͑QMS͒ in a separate UHV chamber (Ͻ10 Ϫ8 mbar͒ positioned along the surface normal of the sample. The central detection area seen by the QMS is 3 mm in diameter. With the mass spectrometer, the nonreacted XeF 2 ͑XeF ϩ signal͒ and the reaction product SiF 4 (SiF 3 ϩ signal͒ are measured. From comparison of the incident XeF 2 flux ⌽ s (XeF 2 ) and the nonreacted flux ⌽(XeF 2 ) from the Si, the reaction probability ⑀ is calculated
From the SiF x reaction product signals the production coef-
In a steady-state situation a fluorine balance must apply for the system
͑3͒
In the case of spontaneous etching at 300 K, SiF 4 is the only reaction product, which serves as a calibration of the production coefficient ␦ 4 . From previous measurements it was concluded that all processes scale with the flux ratio R of the ion flux ⌽ s (Ar ϩ ) and the XeF 2 flux ⌽ s (XeF 2 ), where the subscript refers to fluxes towards the surface
which will be used to present our results. Ion pulses are created by switching the acceleration voltage of the ion gun. From the response of the x-ray signal, caused by the ions at the Si surface, it was measured that the response time of this method is 24.8Ϯ0.1 ms for 2.5 keV ions, well below the time scales of our measurements. The SiF 4 and XeF 2 signals are measured with a multiscaler having 256 channels and user-defined channel times. While counting, the multiscaler also produces user-defined pulses ͑5 V͒ to switch the ion beam. In the pulse experiments channel times of 50 and 5 ms have been used and the ion beam was switched on for 75 channels and switched off during a time varying from 5 to 175 channels.
III. REACTION LAYER DEPLETION BY IONS
To study the effect of the ions on the reaction layer, we ideally have to start from a steady-state reaction layer during spontaneous etching. As was shown before, steady state is reached only after exposing a clean silicon sample to 25 000 ML of XeF 2 . 17, 18 In this way measurements would take days; moreover roughening would influence the results. 18 Thus, it was decided to use an XeF 2 dose in the order of 1500 ML to rebuild the reaction layer between successive ion bombardments. In our experiments the steady-state reaction coefficient ⑀ 0 and production coefficient ␦ 4,0 during spontaneous etching were measured to be ⑀ 0 ϭ␦ 4,0 ϭ0.15Ϯ0.02. ͑5͒ In Fig. 2 
A. Ion switch on
The production coefficient ␦ 4 shows a peak immediately after the ion bombardment has started. However, this peak is not accompanied by a similar peak in the reaction coefficient ⑀, which increases monotonously until reaching a steadystate situation after about 30 s. In a steady-state situation Eq. ͑3͒ applies, which leaves the initial reaction layer as the only source of additional fluorine for SiF 4 production during this transient peak. The amount of fluorine L loss released from the reaction layer in the form of SiF 4 during the ion bombardment time T ion is calculated from the measured time dependence of ␦ 4 by
where ␦ 4,ion is the steady-state ion-assisted value of ␦ 4 . In Fig. 3 , L loss is equal to the hatched area where T ion was long enough to reach a steady-state situation. This area thus corresponds to the total amount of fluorine released from the reaction layer to reach a new steady state situation under ion bombardment. The released amount of fluorine is plotted in Fig. 4 ͑dashed line͒ as a function of T ion . It is seen that after about 100 s, no additional fluorine is released from the reaction layer. In this experiment, L loss ϭ9Ϯ1 ML of fluorine were released. Next, we determine the ion dose D to remove the reaction layer, formed during spontaneous etching, after the ion bombardment has started. To this end, the time constant for the release of fluorine from the reaction layer is determined from an exponential fit of the decaying transient peak ͑see Fig. 3͒ and the ion dose is determined from
This quantity is studied as a function of the flux ratio with ⌽ s (XeF 2 )ϭ1.1 ML/s. The result is shown in Fig. 5 . We see that D saturates around 0.5 ML Ar ϩ for high flux ratios, indicating that a constant number of ions is needed to reach a steady-state reaction layer under ion bombardment. For lower flux ratios, a lower ion dose suffices. 
B. Ion switch off
When the ions are switched off at tϭ180 s ͑Fig. 2͒, the SiF 4 production coefficient drops below the spontaneous value ␦ 4,0 to a minimum value ␦ 4,min ͑see Fig. 3͒ . The spontaneous value is recovered on a time scale of 1000 s. To investigate if this dip in the SiF 4 production is related to the release of fluorine from the reaction layer, the ion bombardment time T ion has been varied. In this way the amount of released fluorine is controlled. In Fig. 4 the dip (␦ 4,0 Ϫ␦ 4,min ) is plotted for various ion bombardment times ͑data points͒. We see that the depth of the dip and the fluorine release from the reaction layer show the same behavior as a function of the ion bombardment time. This suggests a linear behavior between L loss and the decrease in spontaneous SiF 4 production.
As a complementary measurement, one could also determine the fluorine uptake of the reaction layer during reconstruction. This fluorine uptake L gain is given by
since only SiF 4 is produced during this stage. However, since the difference between ⑀ and ␦ 4 is small ͑see Fig. 2͒ , this method was thus not used because of its inaccuracy. Next, the depletion of the reaction layer is measured as a function of ion flux. A direct method would be to measure the released fluorine content according to Eq. ͑6͒ with T ion large enough to ensure steady-state ion-assisted etching. For lower ion fluxes, however, it takes longer to reach steadystate etching. Thus, small errors in ␦ 4 during ion-assisted etching will cause large errors in L loss . In addition, L loss will decrease for lower ion currents, thus giving even more inaccurate results.
For this reason, an indirect determination of the effect of ion flux on the reaction layer is made by measuring the minimum value ␦ 4,min of the spontaneous SiF 4 production, because this value is directly related to the amount of released fluorine as was shown in Fig. 4 . In Fig. 6 the result is shown for measurements at two different XeF 2 fluxes ͑0.6 and 1.1 ML/s͒ on the same sample, but with three days of other measurements in between. Both measurements show a similar behavior: with increasing flux ratios, ␦ 4,min is decreasing.
The quantitative difference between the two sets of data is attributed to a different surface roughness.
In the next section the results of the depletion of the reaction layer will be discussed using models from literature.
IV. MODEL DESCRIPTION OF REACTION LAYER DEPLETION
It was shown earlier that, during ion bombardment, a new steady-state reaction layer is formed having a lower fluorine content than the reaction layer during spontaneous etching. In this section we use two models suggested in previous articles to describe this depletion.
2, 18 We identify ␦ 4,min as the spontaneous SiF 4 production for the steady-state reaction layer under ion bombardment.
A. Chain model
To describe the depletion of the reaction layer, we first use the chain model which describes the formation of the reaction layer during spontaneous etching. 18 With increasing time, the reaction layer changes from a monolayer consisting of a SiF ␣ species to a multilayer consisting of chains of Si y F ␤ species. Here we extend the model to ion-assisted etching by assuming an ion-induced removal of these SiF ␣ and Si y F ␤ species with a probability ⌬p ␣ and ⌬p ␤ , respectively. The rate equations for the formation of the reaction layer are now given by 
where ͓SiF ␣ ]*ϭ͓SiF ␣ ͔/N 0 and ͓Si y F ␤ ]*ϭ͓Si y F ␤ ͔/N 0 are normalized to the number of available sites N 0 on the surface due to roughening of the surface (N 0 ϭ1 ML). Equation ͑9͒ describes the growth of the monolayer coverage. The first term on the right-hand side describes the formation of the monolayer coverage with a reaction probability k f ͓͑1/ML͔͒. The second term describes the transformation of SiF ␣ species to Si y F ␤ chains with a reaction probability k c ͓͑1/ML͔͒. The last term describes the ion-induced release of fluorine with a probability ⌬ p ␣ ͓͑1/ML͔͒. Equation ͑10͒ describes the formation of the multilayer coverage from the monolayer coverage and the release of Si y F ␤ by ion bombardment with a probability ⌬ p ␤ ͓͑1/ML͔͒. It should be stressed that the two ion-induced loss terms in Eqs. ͑9͒ and ͑10͒ describe the effective action of the ions on the growth of a steady-state reaction layer. The terms do not describe the process of ion-induced etching.
To check if this extended chain model can describe the depletion of the reaction layer we assume equal probabilities ⌬p ␣ ϭ⌬p ␤ ϭ⌬p for the monolayer and multilayer coverage. Solving Eqs. ͑9͒ and ͑10͒ for a steady-state situation and using the parameters as given in Table I , we use the extended chain model to calculate the new steady-state reaction layer under ion bombardment as a function of R. The spontaneous SiF 4 production of this layer is given by 2 ␦ 4,spon ϰ͓SiF ␣ ͔*ϩ1.8͓Si y F ␤ ͔*.
͑11͒
It is assumed that ␦ 4,min corresponds to this spontaneous SiF 4 production. The parameter ⌬p, used to fit the chain model to the experimental data of ␦ 4,min ͑Fig. 6͒, yields ⌬p ϭ0.1 ML Ϫ1 . As ␦ 4,min depends on the surface conditions, an additional scaling parameter of 0.78 was used to scale the result ␦ 4,0 Ϫ␦ 4,min of the model. The result is shown in Fig. 6 ͑dotted line͒. We see that the extended chain model gives a good description of the spontaneous SiF 4 production of a steady-state reaction layer under ion bombardment.
With these results the fluorine content of the monolayer L ␣ ϭ␣͓SiF ␣ ͔* and the multilayer L ␤ ϭ␤͓Si y F ␤ ͔* are calculated and shown as a function of (␦ 4,0 Ϫ␦ 4,min ) in Fig. 7 . On the top x axis, the corresponding flux ratio R is shown as derived from Fig. 6 . We observe that the total fluorine content (L ␣ ϩL ␤ ) decreases linearly with (␦ 4,0 Ϫ␦ 4,min ), while the fluorine content of the monolayer increases. This observation is in agreement with the experimental results for the dependence of the dip in ␦ 4 and L loss in Fig. 4 . It can also be seen that under ion bombardment the reaction layer changes from a multilayer coverage to a monolayer coverage with a small fluorine content. This is in agreement with measurements of the structure of the reaction layer during spontaneous 17 and ion-assisted etching. 19 During ion bombardment, an amount of L loss ϭ9Ϯ1 ML of fluorine is released in the form of SiF 4 for a flux ratio of Rϭ0.013, resulting in ␦ 4,min ϭ0.1. Joosten et al. showed that the production coefficient ␦ 2 shows a similar transient peak as ␦ 4 . 12 We estimate the fluorine release in the form of SiF 2 to be an additional 50%. Thus, the total amount of fluorine released from the reaction layer is on the order of L loss ϭ14 ML. When comparing this to the calculated result in Fig. 7 , we conclude that (␦ 4,0 Ϫ␦ 4,min )ϭ0.05 corresponds to a normalized release of fluorine of Lϭ3 ML. The measured value of 14 ML indicates a roughness of ϭ4.6, which should be compared to a roughness during spontaneous etching in the range from ϭ1 to ϭ6 as reported by Vugts et al. 18 We conclude that the model describes the depletion of the reaction layer very well. Also the amount of fluorine released from the reaction layer corresponds to the expected depletion. 
B. Kinetic model
This model describes the SiF 2 /SiF 4 production and XeF 2 consumption as a function of the flux ratio and assumes a reaction layer consisting of SiF 2 species.
2 The rate equation for the SiF 2 species is given by 20 ‫͓ץ‬SiF 2 ͔ ‫ץ‬t
The first term on the right-hand side of Eq. ͑12͒ describes the fluorination of dangling bonds with a sticking probability k c. The second term describes the spontaneous etching of SiF 4 with a reaction probability of k e c ͓1/ML͔. The last term describes the chemical and physical sputtering of SiF 4 and SiF 2 with a probability of p c and p p ͓1/ML͔. The factor c accounts for the fact that XeF 2 is first trapped in a precursor state XeF 2 (p), the concentration of which is proportional to the XeF 2 flux
The value of the model parameters are shown in Table II . 
͑16͒
The contribution ␦ 4,spon can now directly be compared to ␦ 4,min as obtained just after the ions are switched off. In Fig.  6 we show ␦ 4,spon as predicted by the kinetic model with a scaling factor of 0.65 ͑full line͒. Good agreement with the experimental data is obtained. We thus conclude that both the chain and kinetic model describe the depletion of the reaction layer as a function of the ion flux very well. The chain model in addition describes the transformation of the reaction layer from a multilayer coverage to a monolayer coverage. In the next section the dynamic behavior of removing the reaction layer upon ion bombardment is discussed.
C. Dynamics of reaction layer depletion
From the rate equation for the chain model ͓Eqs. ͑9͒ and ͑10͔͒ and the kinetic model ͓Eq. ͑12͔͒ also the characteristic ion dose for depletion of the reaction layer ͑see Fig. 5͒ can be calculated. In the chain model this ion dose D ,chain is equal to
In the kinetic model this dose D ,kin is given by
With the data from Tables I and II, these ion doses are plotted in Fig. 8 together with the experimental data from Fig. 5 . As can be seen the kinetic model predicts a value of D which is a factor 45 too low, while the chain model predicts a value which is a factor of 20 too high. This is explained as follows. The kinetic model only describes the fast process of fluorination of dangling bonds and the release of SiF x reaction products. As was shown earlier, during spontaneous etching the reaction layer consists of a relatively thick multilayer reaction layer, which changes to a monolayer coverage under ion bombardment. This removal of a thick reaction layer of chains of Si y F ␤ is not included in the kinetic model. This is for example shown by a normalized fluorine release of Lϭ3 ML as predicted by the chain model compared to a release of Lϭ1.1 ML as predicted by the kinetic model. This explains why the kinetic model underestimates D . The actual difference will be even higher as would be concluded from the difference in fluorine content. Because of the chain-like structure, the fluorine has also moved deeper in the silicon and thus several monolayers of Si have to be removed whereas the kinetic model assumes the removal of 1 ML. The chain model, on the other hand, does not include etching. This is shown by a removal probability of ⌬p ϭ0.1 for the chain model compared to a removal probability of (p p ϩp c )ϭ82 for the kinetic model. This difference of a factor of 820 in removal probabilities for both models is the reason for the difference in ion dose D of about 900. However, the removal of the reaction layer by ⌬ p does not contribute to etching in the chain model. Etching, however, is an important step in the removal of the thick layer. This results in a too low value of ⌬p when the chain model is fitted to the experimental results. From this it is concluded that the chain model overestimates D .
V. MECHANISMS FOR SiF 4 ENHANCEMENT: EXPERIMENTS
In the previous section, the change in reaction layer has been described in detail. We observed that the fluorine content in the reaction layer decreases when bombarded with ions, which results in a lower production coefficient ␦ 4 during subsequent spontaneous etching. During ion-assisted etching, however, ␦ 4 is enhanced, despite the lower fluorine content in the reaction layer. To gain more insight in the mechanisms which result in this enhancement, we performed pulse measurements. Before every pulse experiment the ions are switched on for 180 s to form a steady-state reaction layer under ion bombardment at the same flux ratio as in the subsequent pulse experiment. The pulse experiments are performed with different ion bombardment times and various times between subsequent pulses. Long pulses have been used with a length of 3.75 s and a time between subsequent pulses varying from 0.5 to 8.75 s. For every experiment about 20 long pulses are used. The short pulse measurements consisted of pulses with a length of 0.375 s and delay of 0.875 s between subsequent pulses. These short pulses are repeated 150 times in every experiment. The measurements are done for various flux ratios R at an XeF 2 flux of 1.1 ML/s. After every pulse sequence, the ions are switched off for about 1200 s to form a new reaction layer during spontaneous etching, assuring the same initial conditions for every experiment. By using a maximum time of 8.75 s between successive ion bombardments, it is ensured that the reaction layer is not rebuilt as this process occurs on a time scale of 500 s, thus enabling us to study the mechanisms of SiF 4 enhancement. In this way the spontaneous and ion-assisted etching is measured on the steady-state reaction layer under ion bombardment.
In Figs. 9 and 10 the responses of ⑀ and ␦ 4 are shown for flux ratios of Rϭ0.005 and Rϭ0.025 on long and short time scales, respectively. Also, the response for other flux ratios has been measured, but these two measurements clearly show the characteristics in the time response of ⑀ and ␦ 4 as a function of the flux ratio. dose D to remove this excessive fluorine and to reach a steady-state situation is now on the order of 0.01 ML Ar ϩ instead of 0.5 ML ͑see Fig. 5͒ as was measured to remove the reaction layer. This dose of 0.01 ML is in good agreement with the prediction of the kinetic model ͑Fig. 8͒. From the height of the peak as a function of the time between successive measurements it is concluded that the fluorine released in the peak sticks to the surface during the first 5 s after the ion bombardment. This fast fluorination of the surface is related to the fluorination of dangling bonds ͑charac-terized by k cϭ0.71 in the kinetic model͒. This peak appears only for high ion currents, as for higher ion fluxes more dangling bonds will be produced and thus more fluorine is released. For low ion fluxes also some excessive fluorine will be released but this is not seen as a transient in the 2 The spontaneous value ␦ 4,0 in our measurements was a factor of two larger than the value of Vugts, Hermans, and Beijerinck. In the model, this results in an increase in the surface roughness by a factor of 2. With this assumption all other parameters are in agreement within 10% of the values measured by Vugts, Hermans, and Beijerinck.
A. Long pulses

B. Short pulses
The fast decay of ␦ 4 , after the ions are switched off, is studied by using pulses of ions on a shorter time scale. The response of ␦ 4 to these pulses of 0.375 s is shown in Fig. 10 for Rϭ0.005 and Rϭ0.025. From a comparison of the results with the steady-state value ␦ 4,ion during ion-assisted etching ͑dashed lines in Fig. 10͒ , it appears that on this time scale no steady-state situation is reached. For low flux ratios, ␦ 4 is lower and for high flux ratios it is higher than in a steady-state situation. This behavior is in agreement with the response of ␦ 4 during the first second of the long pulse series ͑lower panel of Fig. 9͒ .
From the decay of ␦ 4 after this short pulse of ions for the different flux ratios, it is seen that ␦ 4 drops faster for the higher flux ratio than for the lower flux ratio. To investigate this further, this decay was modeled with an exponential decay function plus a linear decay to model the slow decay of 2.6 s on this short time scale. The time constant of the exponential function decreases as a function of the flux ratio, whereas it was already shown that the time constant of the slow decay is independent of the flux ratio. Since this fast decay starts from a value above ␦ 4,ion2 for the high flux ratio and it is also clearly seen in the response for the long ion pulses ͑high in flux͒, it is concluded that these phenomena are related. Those measurements, however, were not done for various ion fluxes.
C. Processes from pulse measurements
From these pulse measurements, two processes for enhancement of ␦ 4 emerge. The first process decays with a time constant in the order of 2.6 s, independent of flux ratio.
The final value of this decay is ␦ 4,min . This slow process also appears in the response of ⑀ and ␦ 4 ͑only for low ion flux͒ when the ions are switched on.
The second process is associated with the fast decay, with a time constant that depends on the flux ratio. This process is related to the peak in ␦ 4 for higher flux ratios. As discussed earlier, the appearance of a peak is attributed to the formation of SiF 4 within the reaction layer.
From the pulse measurements the contributions of these two processes can be disentangled. In Fig. 11 the various contributions in the SiF 4 signal are shown for the long pulse measurement at Rϭ0.025. The dip in SiF 4 production ␦ 4,min is taken from the average value around tϭ8.75 s. Next the contribution associated with the slow process is added. The slow decay is fitted with an exponential decay for tϭ5 s to In the next section, various mechanism for the SiF 4 enhancement discussed in literature will be reviewed and compared with our experimental results of the two processes, thus providing a physical mechanism of SiF 4 enhancement.
VI. MECHANISMS OF SiF 4 ENHANCEMENT: DISCUSSION
A variety of mechanisms have been proposed and rejected for the enhancement in etching by ions. In Fig. 12 different processes contributing to the enhancement in SiF 4 production were distinguished. In this section we will put these processes into perspective of the proposed mechanisms and try to establish a relation between the two.
Before a reaction product leaves the surface and contributes to etching, several steps must be accomplished: ͑1͒ reactant adsorption, ͑2͒ chemical reaction to form etch products, and ͑3͒ etch product desorption. 21 To explain the enhancement of etching by ions, at least one of these steps has to be enhanced. All proposed mechanisms can be grouped to explain the enhancement of one of these steps. We will discuss the various mechanisms as proposed in literature in the order of these steps.
Step ͑1͒ can be enhanced by ion-induced dissociation of physisorbed species, resulting in species with a higher reaction probability to form SiF 4 .
5 J. W. Coburn and H. F. Winters eliminated this mechanism, but Vugts, Hermans, and Beijerinck showed that with increasing ion flux the XeF/ XeF 2 ratio increases, indicating dissociation of XeF 2 .
2 However, it is not known whether the dissociated molecules react with a higher reaction probability with the Si or leave the surface without any reaction. From the linear dependence of the etch rate on the XeF 2 flow over a wide range, 22 it is concluded that the physisorbed XeF 2 concentration is very low at room temperature.
2 For this reason the influence of this mechanism is limited and further neglected in this article.
For the enhancement of step ͑2͒, the widely proposed mechanism is chemical sputtering, see Sec. I. It is usually defined as a process in which the ions act to increase the rate of formation of the product species. However, this definition leaves open a variety of pathways to enhance the etch rate. To discuss the mechanism of chemical sputtering, the results of a molecular dynamics ͑MD͒ study serve as our base. 10 As the authors noted, these simulations cannot be expected to quantitatively reproduce experimental results, but these studies surely complement experimental studies as shown by a very good agreement between the observations of their MD simulations and the definition of chemical sputtering by J. W. Coburn and H. F. Winters.
1 They concluded that the creation of weakly bound products during the collision cascade of the ions is a key mechanism. These products would then disappear by desorption, chemical reaction or diffusion on a wide range of time scales (10 Ϫ8 -10 0 s͒. When assuming a SiF 2 -like surface, 2,19 these would be weakly bound SiF 2 species, which react to form SiF 4 . In this way the SiF 4 production would be enhanced.
Two possible chemical reactions have been proposed. First, the reaction between two weakly bound SiF 2 species ͑denoted as SiF 2 *) could produce volatile SiF 4 : 4 SiF 2 *ϩSiF 2 *→SiF 4 ϩSi.
͑19͒
A similar reaction involving SiF 3 was also proposed. 9 The reaction should be interpreted as a model reaction to describe the formation of volatile SiF 4 within a reaction layer consisting of SiF 2 species. From a chemical viewpoint, the proposed reaction between such massive molecules is unlikely.
Another reaction pathway is the reaction of weakly bound SiF 2 with physisorbed XeF 2 to form SiF 4 . Weakly bound SiF 2 is assumed to have a higher reaction probability than strongly bound SiF 2 :
SiF 2 *ϩXeF 2 →SiF 4 ϩXe.
͑20͒
This reaction was suggested by Gerlach-Meyer, where we interpreted their excited SiF 2 species as weakly bound SiF 2 . 5 In Secs. III and V, it was concluded that indeed SiF 4 is formed in the reaction layer, thus favoring Eq. ͑19͒. From and XeF 2 . Next the contribution of the slow process is added, resulting in the diamonds. This contribution to SiF 4 production is attributed to the reaction of XeF 2 with weakly bound SiF 2 * . Finally, the squares correspond to the steady-state value ␦ 4,ion . This difference with the diamonds is the fast process, which is attributed to the reaction of two weakly bound SiF 2 * species. ⌽͑SiF 4 ͒ϭ0. 5 ‫͓ץ‬SiF 2 *͔ ‫ץ‬t ϰ͓SiF 2 *͔ 2 ,
͑21͒
where it is assumed that no new SiF 2 * is produced by the ions. For higher ion fluxes more weakly bound SiF 2 will be produced. From Eq. ͑21͒ it is calculated that, because of the quadratic behavior, the SiF 4 production decays faster when more SiF 2 * is present upon switching off the ions. It is noted that the exponential function used to fit the decay in Sec. V is only an approximation of the decay function predicted by Eq. ͑21͒. We thus attribute the process with the short time scale in Fig. 12 to the ion-induced reaction between two SiF 2 species in the reaction layer. The slow process in Fig. 12 is now attributed to a reaction between SiF 2 * and XeF 2 . When the ions are switched off, weakly bound species are created, explaining the slow increase in ⑀ and ␦ 4 ͑for low ion fluxes, see Fig. 9͒ . This is in agreement with the measured behavior of the time constant for ⑀ to reach a steady-state situation when the ions are switched on. When the ions are switched off, the weakly bound species gradually decay by either chemical reaction ͓Eq. ͑20͔͒ or to strongly bound states, thus explaining that the decay time of ␦ 4 is independent of the flux ratio. After this decay, the spontaneous etch rate of the depleted reaction layer is reached, as is discussed in Sec. IV.
Finally, for the enhancement of step 3 by ions, the mechanism of physical sputtering is suggested. This mechanism, first suggested by Mauer et al., 3 is defined as the direct release of surface species upon ion impact and thus enhances the release of reaction products from the surface. This mechanism is described already by Vugts, Hermans, and Beijerinck and it was concluded that this is the mechanism for SiF 2 production in ion-assisted etching.
2 As SiF 4 first has to be formed ͓step ͑2͔͒, this mechanism might enhance the release of SiF 4 from the reaction layer once it is formed, but this is only a minor effect as the release of volatile SiF 4 is not a limiting factor. Now that a link has been established between the fast and slow processes from Sec. V and physical mechanisms for ion enhancement, the origin of the peak in the SiF 4 signal for high flux ratios is discussed ͑see Fig. 9͒ . This peak is attributed to fluorine which sticks to dangling bonds on the silicon during the first seconds after the ions have been switched off ͑Sec. V͒. As discussed in Sec. IV, this is exactly the situation as described by the kinetic model: dangling bonds produced by the ions are fluorinated again and the fluorine leaves the surface in the transient peak at the onset of the ion bombardment. Indeed the ion dose of D ϭ0.01 ML needed to remove this fluorine is in good agreement with the value predicted by the kinetic model.
VII. HOW DOES ION BOMBARDMENT CAUSE XeF 2 TO HAVE AN INCREASED STICKING PROBABILITY ?
In the previous sections the question How does ion bombardment produce enhanced etching? was answered from the viewpoint of the release of reaction products. This section serves to summarize our results and to answer the question in the title of this section. This was inspired by a similar section by Tu, Chuang, and Winters 4 with the same question, but the present discussion is based on the knowledge of this work and work by other authors.
1,2, 4, 8, 10 To produce more reaction products during ion-assisted etching, more XeF 2 is consumed and thus the sticking probability of XeF 2 on the surface must increase during ion bombardment. J. W. Coburn and H. F. Winters emphasized that a decrease in fluorine coverage will cause an increase in this sticking probability. 23 From our measurements it was concluded that indeed the fluorine coverage decreases with ion bombardment. But what is the relation between an increase in sticking probability and a decreasing surface coverage?
To answer this question we must realize that the overall sticking probability consists of a combination of several sticking coefficients, related to the different reactions of XeF 2 to form a reaction layer and reaction products. In the case of a reaction probability, the values from the kinetic model are used as an approximation for the corresponding sticking coefficients ͑Table II͒.
͑i͒
XeF 2 is first physisorbed on the surface in a precursor state, before the XeF 2 molecule is dissociated and fluorine is chemisorbed on the surface ͓Eq. ͑13͔͒. The probability of physisorption is given by c. As the chemisorption of fluorine proceeds via the physisorbed state, this probability is always included in the total reaction probability of the various chemisorption states as discussed below. ͑ii͒ Physisorbed fluorine on a clean surface can fluorinate dangling bonds on the surface with a probability k. The total sticking probability ck for XeF 2 to fluorinate a dangling bond is 0.71.
2
͑iii͒ Physisorbed fluorine can also react with fluorinated sites and produce SiF 4 . This ''sticking probability'' is given by the reaction probability k e of SiF 4 during spontaneous etching. The total reaction probability ck e was calculated to be on the order of ck e ϭ0.044. After desorption of SiF 4 the dangling bonds will be fluorinated again ͓point ͑ii͔͒. ͑iv͒ Physisorbed fluorine may also react with the surface to contribute to the fluorination of the reaction layer as described by the chain model. These sticking probabilities change with the thickness of the reaction layer and were calculated to be 0.03 and 0.0032 for monolayer and multilayer coverage, respectively. These sticking probabilities are responsible for the growth of a reaction layer and the increase of the etch rate with increasing reaction layer thickness.
With these various reaction probabilities we can describe the rate-limiting steps in the etching process. During spontaneous etching, all dangling bonds are almost immediately fluorinated ͓point ͑ii͔͒ and a SiF 2 -like reaction layer is formed and the overall sticking probability of XeF 2 ͑which is equal to ⑀) is limited by the adsorption of XeF 2 on this fluorinated layer to form SiF 4 :
⑀ spont Ϸ2ck e .
͑22͒
This reaction probability is an approximation from the solution of Eqs. ͑12͒ and ͑15͒.
2
Upon ion bombardment, the reaction layer has a lower fluorine content ͑Sec. IV͒. For high ion currents, even more fluorine is released from the reaction layer upon ion bombardment ͑see Fig 10͒ . Now, the surface contains a lot of dangling bonds, which are fluorinated again in the first seconds after the ions have been switched off. Thus, the maximum reaction probability is now limited by the adsorption on these dangling bonds ͓point ͑ii͔͒. The maximum sticking probability ⑀ max is somewhat higher than this sticking probability on dangling bonds (ck), because of the sticking probability on SiF 2 to form SiF 4 Because of this limitation by the reaction probability, ⑀ max is almost independent of the characteristics of the bombardment source ͑ion mass, ion energy͒. 4 Different characteristics can only change the ratio between chemical and physical sputtering, thus changing ⑀ max .
From this discussion we see that the role of the ions is an enhancement in product formation and product release. This results in the creation of more dangling bonds, which results in an higher overall sticking probability of XeF 2 . When starting on a thick reaction layer, the rate of product formation is higher than the rate of XeF 2 sticking on the surface. To obtain a new balance in the product formation rate and the adsorption rate, the reaction layer becomes thinner.
VIII. CONCLUSIONS
It was shown that ion bombardment lowers the fluorine content in the reaction layer and produces a monolayer coverage of SiF ␣ species instead of a multilayer coverage of Si y F ␤ species. These experimental data are supported by model calculations. The depletion of the reaction layer is the result of a new balance between product release and adsorption of XeF 2 . The limitation in the adsorption changes from that for adsorption on a fluorinated surface for SiF 4 formation to that for adsorption on dangling bonds.
However, this depleted reaction layer results in a lower spontaneous etch rate. The etch rate is enhanced by two mechanisms. First, physical sputtering accounts for the higher product desorption of SiF 2 .
2 Second, chemical sputtering accounts for a higher formation rate of SiF 4 . It was shown that this higher formation rate of SiF 4 has two different origins. The first mechanism is the formation of SiF 4 within the reaction layer. The second mechanism is the formation of weakly bound SiF 2 , which as a higher reaction probability to react with XeF 2 .
